Actinomyces viscosus LY7 cells adsorbed in high numbers to experimental pellicles formed on hydroxyapatite (HA) from human parotid or submandibular saliva but not to pellicles prepared from human plasma or serum. To determine the nature of the salivary components responsible for promoting adhesion, pellicles were prepared from fractions of submandibular and parotid saliva obtained by chromatography on Trisacryl GF 2000 columns. Adsorption of LY7 cells was promoted by two groups of fractions. Each group was rechromatographed on DEAE-agarose. Fractions which promoted adsorption of LY7 cells were found by polyacrylamide gel electrophoresis to contain the acidic proline-rich proteins (PRPs) and statherin. Pellicles prepared from 12-,g/ml solutions of pure PRP-1, PRP-2, or parotid isoelectric focusing (PIF-slow) variant promoted maximal adsorption of A. viscosus LY7 cells. Somewhat higher concentrations of PRP-3 and PRP-4 were required for maximal adsorption, indicating that the 44-residue carboxy-terminal segment of PRP-1, PRP-2, and PIF-slow enhances LY7 binding but is not essential. Much higher concentrations of statherin were required to promote LY7 adsorption. Adsorption of LY7 cells to peUicles prepared from PRP-1 was not affected over the range of pH 5 to 8. Adsorption was also not inhibited by 50 mM lactose, which is consistent with the notion that type 1 fimbriae, rather than type 2 fimbriae, were responsible. A. viscosus T14, Actinomyces odontolyticus ATCC 17982, and Actinomyces israelii 12597 also adsorbed to PRP-1 pellicles, whereas Actinomyces naeslundii ATCC 12104 did not. Although A. viscosus cells bind strongly to adsorbed PRP-1, the presence of PRP-1 or PRP-3 in solution did not inhibit adhesion. Similarly, [3H]PRP-1 did not bind to LY7 cells, nor was it degraded when incubated with the organism. However, LY7 cells adsorbed to [3H]PRP-1 pellicles. These data suggest that hidden molecular segments of PRP become exposed when the protein adsorbs to HA; these segments then react with adhesins of LY7 cells. The apparent ability of A. viscosus cells to recognize segments of PRPs which are exposed only in surface-adsorbed molecules provides a novel mechanism which enables the organism to attach to teeth when suspended in salivary secretions.
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Actinomyces viscosus is a prominent microorganism in human supra-and subgingival dental plaque. The organism preferentially colonizes the teeth and may actually require teeth for oral colonization, since it is usually not detected in the mouths of predentate infants (14, 17) . In humans, high proportions of A. viscosus have been associated with gingivitis (29, 42) and with cemental dental caries (15, 41) ; it has also been shown to induce periodontal pathology and root surface caries in experimental animals (27) .
Typical strains of A. viscosus possess two antigenically and functionally distinct types of fimbriae which are thought to mediate its attachment to teeth and to oral epithelial surfaces (8) . Type 2 fimbriae bind to galactosyl-containing receptors on mammalian cells or on the surfaces of certain bacteria (8, 16) . Reactions involving type 2 fimbriae are inhibited by galactosides, such as lactose. On the other hand, Clark and co-workers (9) (10) (11) have shown that type 1 fimbriae mediate attachment of A. viscosus cells to salivary pellicles formed on mineral surfaces similar to those of teeth. Interactions involving type 1 fimbriae are not inhibited by lactose or by other saccharides which have been studied. Although A. viscosus cells have been shown to attach avidly to salivary pellicles formed on mineral surfaces (10, 38) , the salivary components which mediate its attachment have not been identified. The purpose of the present investigation was to determine the nature of the pellicle components which serve as receptors for this organism.
MATERIALS AND METHODS
Cultures and cultural conditions. A. viscosus LY7 was isolated from human dental plaque. Negatively stained preparations examined by electron microscopy by Z. Skobe (Forsyth Dental Center, Boston, Mass.) showed the organism to be densely fimbriated (Fig. 1) Collection and fractionation of saliva. Samples of submandibular saliva were obtained with a custom-made collecting device (35) . Parotid saliva was obtained with a collecting device similar to that described by Lashley (28) as modified by Curby (12) , made of silicone rubber. Acidic candy was used to stimulate salivary flow. Saliva samples were immediately dialyzed against 0.1 M NH4HCO3 (pH 8.0) buffer at 4°C overnight. This buffer and those used for the subsequent chromatographic steps contained 0.5% chloroform to inhibit microbial growth. The dialyzed saliva samples were fractionated on columns (5.31 cm2 by 92 cm) of Trisacryl GF 2000 (LKB, Bromma, Sweden) at 4°C and eluted with the 0.1 M NH4HCO3 buffer at a flow rate of 22 ml/h; 11-ml fractions were collected and stored frozen until used.
To identify the specific salivary proteins responsible for promoting adhesion of A. viscosus LY7 cells to hydroxyapatite (HA), active fractions from the Trisacryl GF 2000 columns were pooled, diluted 1:1 with water to reduce the buffer concentration to 0.05 M NH4HCO3, and chromatographed on a column (2.0 cm2 by 12 cm) of DEAE-agarose (Bio-Rad Laboratories, Richmond, Calif.) by using an ammonium bicarbonate gradient (0.05 to 0.5 M) at a flow rate of 14 ml/h and collecting 7-ml fractions. The proteins present in the fractions obtained were examined by polyacrylamide gel electrophoresis (PAGE) (13 Preparation of purified salivary proteins. Samples of the pure proline-rich proteins (PRPs) and statherin were prepared from human saliva as previously described (36) . Their purity was assessed by PAGE, high-pressure liquid chromatography, and sequencing (39, 40, 43, 44 Preparation of the amino-terminal tryptic peptide of PRP-1. PRP-1 (8.5 mg) and trypsin (0.17 mg) (TRTCPK trypsin; Worthington Diagnostics, Freehold, N.J.) were dissolved in 3.5 ml of 0.025 M (pH 8) Tris chloride which contained 1 mM CaCl2 and incubated at 37°C for 2 h. The digest was chromatographed on a DEAE-agarose column with an ammonium bicarbonate gradient (0.05 to 0.5 M). The fractions containing unretarded material (trypsin and neutral and basic PRP-1 tryptic peptides) were readily separated from the amino-terminal tryptic peptide, residues 1 to 30, designated PRP-1(Tl). This peptide is highly acidic and is considerably retarded on the DEAE-agarose column. Fractions containing this peptide were lyophilized to give an essentially pure product, the composition of which was confirmed by amino acid analysis. RESULTS Adsorption of A. viscosus LY7 to experimental pellicles. A. viscosus adsorbed in high numbers to experimental pellicles prepared from either human parotid or submandibular saliva (Fig. 2) . The saliva could be diluted more than 25-fold without greatly diminishing its adsorption-promoting activity. The organism attached poorly to HA treated with samples of human plasma or serum obtained from the same individual who provided the saliva samples.
To determine the nature of the salivary components responsible for promoting adhesion of the organism, experimental pellicles were prepared from submandibular salivary fractions obtained from Trisacryl GF 2000 columns. Adsorption of A. viscosus LY7 cells to HA was promoted by two groups of fractions (Fig. 3) . Electrophoresis showed that one group contained the acidic PRPs, among other proteins, whereas the second group contained statherin. Similar results were obtained when parotid saliva was fractionated on Trisacryl GF 2000 columns (data not shown). The two groups of fractions containing adsorption-promoting activity were pooled and rechromatographed on DEAE-agarose columns as described above. Fractions which promoted adsorption of LY7 cells were examined by PAGE and found to contain the PRPs and statherin (Fig. 4) .
Adsorption of A. viscosus LY7 to pellicles prepared from pure salivary proteins. A family of acidic PRPs has been identified in human (6, 36) (25) .
Pellicles prepared from solutions with 6 to 12 jig of either PRP-1, PRP-2, or PIF-slow per ml promoted maximal adsorption of A. viscosus LY7 cells (Fig. 5) Somewhat higher concentrations of PRP-3 and PRP-4 were required to produce pellicles which promoted maximal binding of LY7 cells (Fig. 5) . Thus, the 44-residue carboxyterminal segment of PRP-1, PRP-2, or PIF-slow enhances LY7 binding but is not essential. Statherin was significantly less effective than any of the PRPs in promoting A. viscosus LY7 adsorption, and high numbers of the organism attached only to HA which had been treated with 50 ,ug/ml or higher concentrations of this protein (Fig. 5) . It should be noted, however, that saliva usually averages 70 ,ug of statherin per ml and several hundred micrograms of PRPs per milliliter (3, 24, 32 (Table 3) .
Adsorption of A. viscosus LY7 to pellicles prepared from amino-terminal tryptic peptide of PRP-1. The acidic aminoterminal peptide produced by tryptic cleavage of PRP-1 at residue 30, designated PRP-1(T1), is known to be mainly responsible for the high affinity of PRP molecules for HA surfaces (3, 4) . However, pellicles prepared by exposing HA beads to up to 1,000 ,ug of this peptide per ml did not promote A. viscosus adsorption (Table 3) . Thus, the organism evidently interacts with peptide domains located elsewhere in adsorbed PRP molecules.
DISCUSSION
We have previously proposed (22) that the PRPs play a key role in a protective and reparative system which is important for the integrity of the teeth. The central feature of this system is that human saliva is considerably supersaturated with respect to the calcium phosphate salts which form the dental mineral (23), a state which provides a degree of protection for teeth against demineralization and also provides the potential for repair of demineralized enamel. An untoward consequence of this otherwise advantageous condition would be continual surface-induced deposition of mineral on tooth surfaces. The PRPs, however, are selectively adsorbed from saliva by HA (20) , exhibit high affinity for apatitic minerals, and in the adsorbed state, are potent inhibitors of surface-induced mineral deposition (1, 34) . This inhibitory activity has been proposed as an important biological function of the acidic PRPs. To fulfill this function, the PRPs would be expected to form part of the acquired pellicle which serves as the outer coating of the dental enamel, and this prediction has been confirmed (5, 30) . The present study has now shown that these proteins also serve as a novel class of receptors which promote the adhesion of A. viscosus cells to salivary pellicles formed on HA surfaces. These findings provide a molecular explanation for the tropism which A. viscosus displays for teeth.
Previous studies have demonstrated that the adhesion of A. viscosus cells to experimental pellicles is dependent upon the presence of type 1 fimbriae (8) (9) (10) (11) . Thus, fimbriaedeficient mutants do not attach well to pellicles, and treatment of A. viscosus cells with immunoglobulin G antibodies or Fab fragments against type 1 fimbriae inhibits adhesion. It seems likely that the type 1 fimbriae ofA. viscosus LY7 cells also function as the adhesins involved in binding to PRP or statherin molecules on HA surfaces. Adhesion of this strain to experimental pellicles is inhibited by anti-type 1, but not by anti-type 2, Fab antibody fragments (Clark, personal communication) . In addition, adhesion of the organism to pellicles prepared from submandibular saliva or purified PRPs was not inhibited by lactose. This indicates that type 2 fimbriae were not involved, since they are galactosyl-binding lectins (8) . Also, PRP molecules and statherin are not glycosylated (4, 21) , and therefore, they would not be expected to interact with galactosyl-binding type 2 fimbriae. In fact, A. naeslundii ATCC 12104, which possesses only type 2 fimbriae (9-11), failed to bind effectively to PRP pellicles.
One of the remarkable findings in the present study was that although PRP molecules adsorbed on HA surfaces interact strongly with A. viscosus cells, the same proteins in solution do not appear to bind to cells of the organism, nor do they affect its attachment to pellicles. A possible explanation for this unexpected behavior is that hidden molecular segments of PRP became exposed as a result of conformational changes in the protein when it adsorbed to HA which could react with the adhesins of LY7 cells.
That a major conformational change does occur when PRP molecules adsorb to HA surfaces has been previously suggested by studies of their calcium ion-binding properties and 21) , and if A. viscosus cells could interact with these molecules in solution, there would be little likelihood that many organisms would be able to attach to the pellicle coating on tooth surfaces. However, the apparent ability of A. viscosus cells to recognize molecular segments of PRPs which are exposed only when the molecules are adsorbed to mineral surfaces provides a novel and highly efficient mechanism for the organism to attach selectively to teeth. This enables A. viscosus cells to evade the cleansing functions ascribed to salivary secretions; indeed, addition of saliva to the bacterial suspending fluid did not affect attachment (Table 2) . It is easy to envision that there would be a strong selection pressure favoring the evolution of such a mechanism in bacteria which regularly colonize tissue surfaces. In view of this, we anticipate that other examples of bacteria which recognize determinants which are exposed in surfaceassociated molecules but which are hidden in similar molecules in solution will soon be discovered.
